Signal peptides of gram-positive exoproteins generally carry a higher net positive charge at their amino termini (N regions) 
replacing them with the B. amyloliquefaciens alkaline protease signal peptide resulted in significant increases in both the rate and extent of export. The relative efficiency with which the native precursors were secreted (OmpA >> RBP > MBP > PhoA) was most closely correlated with the overall hydrophobicity of their h regions. This correlation was strengthened by the observation that the B. amyloliquefaciens levansucrase signal peptide, whose h region has an overall hydrophobicity similar to that of E. coli signal peptides, was able to direct secretion of only modest levels of MBP and OmpA. These results imply that there are differences between the secretion machineries ofB. subtilis and E. coli and demonstrate that the outer membrane protein OmpA can be translocated across the cytoplasmic membrane of B. subtilis.
Most proteins destined for translocation across the cytoplasmic membrane of a bacterium are synthesized as preproteins with a cleavable amino-terminal extension known as the signal peptide. This cis-acting element performs several roles, including direct modulation of the preprotein's conformation (44) and targeting of the precursor to the secretion machinery (14) . In Escherichia coli, this machinery consists of SecA (PrlD), SecD, SecE (PrlG), SecF, and SecY (PrlA) and the Lep (SPase I) and LspA (SPase II) signal peptidases (reviewed in reference 55) . Molecular chaperones such as SecB (11, 29) , DnaK and DnaJ (64) and GroES and GroEL (30) also participate in the secretion of certain envelope proteins (reviewed in reference 10). Homologs of E. coli SecA (54) , SecE (26) , SecY (56) , and Lep (59) have been identified in Bacillus subtilis (reviewed in reference 40) . Therefore, signal peptide-dependent protein secretion in B. subtilis is likely to utilize Sec components organized in a pathway similar to that of the general secretory pathway of E. coli.
Although signal peptides from a diverse array of organisms lack significant primary amino acid sequence identity (63) , they share three structural features (61) . The amino terminus (N region) usually contains one or more basic residues and is characterized by a net positive charge. Following the N region is a stretch of uncharged, largely hydrophobic residues known as the hydrophobic core (h region), and the relatively polar * Mailing address: E. I. DuPont carboxy terminus (C region) contains a consensus processing site for the endoproteolytic removal of the signal peptide by a specific signal peptidase.
However, the structural elements of signal peptides from exoproteins of gram-positive (gm+) organisms and envelope proteins of E. coli are somewhat different: (i) the net positive charge of the N region for a set of bacillary exoproteins averaged +3, compared with only +2 for a set of E. coli envelope proteins, (ii) the h region for the E. coli signals averaged 12 residues, while 15 or more residues were average for the gm+ signals, and (iii) the C region of the E. coli signal peptides contained an average of 6 residues, two fewer than the C regions of the bacillary signal peptides (62 Bacterial strains and media. B. subtilis BE2000 (trpC2 lys-3 AaprE66 Anpr-82) was derived from the low-protease strain BE1010 (trpC2 metBi1 lys-3 AaprE66 Anpr-82) (46) by competent cell transformation using chromosomal DNA from the prototrophic strain 1S53 (Bacillus Genetic Stock Center, Ohio State University, Columbus). Selection for methionine prototrophs was on T-base minimal agar supplemented with glycerol (1%), yeast extract (0.001%), and tryptophan and lysine (each at 50 ,ug/ml). T base contains (per liter) 2 g of (NH4)2SO4, 14 g of K2HPO4, 6 g of KH2PO4, 1 g of trisodium citrate -2H20, and 15 g of agar. Selection for and maintenance of BE2000 transformants carrying plasmids was on tryptose blood agar base (Difco, Detroit, Mich.) plates containing chloramphenicol (5 jig/ml). B. subtilis cultures were radiolabeled in S7 medium (39) modified as follows: yeast extract was added to 0.05%, glycerol (1%) was substituted for glucose, and no methionine was added. GY minimal medium agar plates containing 50 ,ug of XP (5-bromo-4-chloro-3-indolyl phosphate) per ml were prepared as described previously (46 (6) . Preparation of 2 x YT and LB has been described previously (36) . When appropriate, ampicillin was included in rich medium and minimal medium at 100 and 50 ,ug/ml, respectively. Plasmids. Plasmids used in this study are derivatives of the shuttle vector pBE240 (46) . The 4(apr-phoA)(Hyb) gene carried on pBE240 encodes a hybrid protein consisting of the B.
amyloliquefaciens Aprsp fused to the mature moiety of the E.
coli PhoA. All precursor-encoding genes were under transcriptional control of the B. amyloliquefaciens apr promoter.
The unique NdeI site located near the 5' end of the apr promoter in pBE240 was removed, resulting in pBE1013. Oligonucleotide-directed mutagenesis (ODM) was used to introduce a new NdeI site overlapping the initiation codon (52) of pBE1013, generating pBE1020. Replacement of the Aprspcoding region of pBE1020 with that of the Lvs,p derived from pBE350 (kindly provided by V. Nagarajan) yielded pBE1032. pBE350 (38a) was generated by converting the three bases (AAC) preceding the lvs initiation codon in pBE311 (41) (30 , uCi/ml; DuPont). Chase was initiated by the addition of an equal volume of prewarmed S7 medium containing excess unlabeled L-methionine (10 mg/ml). At various times after initiation of chase, 1-ml samples were placed in 0.5 ml of ice-cold 15% trichloroacetic acid. Processing of radiolabeled cells for immunoprecipitation has been described elsewhere (4, 39) . Rabbit polyclonal antisera specific for MBP, OmpA, PhoA, and RBP were a generous gift from P. J. Bassford, Jr. Immunoprecipitates were resolved by SDS-PAGE (10% acrylamide-0.27% bisacrylamide gel) and visualized by fluorography of gels which had been soaked in an autoradiography enhancer (Entensify; DuPont) and dried. Dried gels were exposed to Kodak XAR X-ray film at -70°C. Where indi-cated, the amount of radioactivity present in each precursor and mature species was determined by excising the portion of the gel corresponding to the band, rehydrating the gel slice, and then dissolving it in Solvable Tissue Solubilizer (DuPont) and counting in Formula-989 scintillation cocktail (DuPont). Counts were adjusted for the loss of methionine residues associated with signal peptide processing.
RESULTS
Genetic constructs. The malE, rbsB, phoA, and ompA genes of E. coli, which code for precursors of the periplasmic proteins MBP, RBP, and PhoA and the outer membrane protein OmpA, respectively, were cloned on a shuttle vector under transcriptional control of the B. amyloliquefaciens apr promoter (see Materials and Methods). This promoter is maximally active in B. subtilis during late log and stationary phases of growth (58 A pulse-chase analysis indicated that the Aprsp-PhoA fusion was readily secreted in B. subtilis (Fig. 1F) . At the 1-min chase point, about 70% had been matured, and by 4 (Fig. 1B) . The maximum extent of processing was achieved by 2 min of chase, with no increase in the amount of mature MBP recovered after 2 min of chase. Overexposure of the autoradiogram, and quantitation of the precursor bands indicated that a majority of the precursor present at the 2-min chase point remained unprocessed at the 10-min chase point, and a fraction remained trapped even after 20 min of chase (not shown).
Secretion of Aprsp-RBP (Fig. 1D) MBP secretion were greater than those of MBPsp-MBP, they 0 C were significantly lower than those of Aprsp-MBP ( Fig. 2A) . Fig. 1. (B) OmpA. The data for Aprsp-OmpA, (Fig 3A versus B) a Basic residues are indicated by plus signs, and deleted residues are indicated by dashes. The amino acids in the h region are shown in boldface. The h-region borders were defined essentially as described previously (61) except that (i) when the most carboxy-terminal charged residue of the N terminus was followed by one or a stretch of hydrophilic residues (Q, N, S, or T), the h region was defined as starting after the last hydrophilic residue, and (ii) the h region was defined as ending either at a predicted 1B turn or at the first charged or hydrophilic residue encountered within seven residues of the signal peptidase cleavage site. Predictions of secondary structure were performed with the algorithm of Chou and Fasman (9) as modified for use by the PeptideStructure program of the Genetics Computer Group package (15) . Conformational preferences are indicated below the primary amino acid sequence: H, high probability of a helix; h, probability of a helix; B, high probability of a structure; b, probability of a structure; T, high probability a turn; t, probability of 13 turn; *, probability of random coil. The first 10 residues of the mature moiety were used to calculate the net charge of the early mature moiety.
b Number of residues assigned to the h region. c Net hydrophobicity (H*) is the sum of hydrophobicities for the h-region residues based on the normalized consensus scale of Eisenberg et al. (18) .
d <H>, average hydrophobicity per h-region residue.
e The hydrophobic product (HP) is defined as the product of the number of residues assigned to the h region and the net hydrophobicity.
(L16R). The L16R substitution has been shown to impart a moderately strong block in the export of Aprsp-Apr and an Aprsp-PhoA hybrid (45) . The low level (about 10%) of mOmpA and m*OmpA generated in BE2000 cells synthesizing the Apr(L16R)sp-OmpA hybrid precursor (Fig. 3C ) is compatible with the notion that mOmpA and m*OmpA result from processing associated with secretion. Irrespective of the signal peptide used, mOmpA accumulated earlier in the chase period than m*OmpA, and a significant portion of the accumulated mOmpA disappeared during subsequent incubation (Fig. 3) . The concomitant increase in the amount of m*OmpA recovered suggests that there is a precursor-product relationship between mOmpA and m*OmpA and that m*OmpA probably results from proteolysis of secreted mOmpA. Therefore, m*OmpA was included with mOmpA in calculating the extent of OmpA secretion.
As was the case for MBP, the Lvssp directed secretion of OmpA at a level intermediate between those of the Aprsp and its own signal peptide. Processing kinetics for the four OmpA precursors are compared in Fig. 2B .
DISCUSSION
When precursors of the E. coli envelope proteins MBP, RBP, PhoA, and OmpA were synthesized in B. subtilis, both the rate and extent of their processing were low. Inefficient secretion of these proteins could be ascribed largely to characteristics of their native signal peptides, since replacing them with the Aprsp resulted in a significant enhancement in the export kinetics for each of these four envelope proteins.
The h regions of signal peptides from E. coli are significantly shorter than those of Bacillus species and other gm+ organisms (12 versus 15 or more residues [62; reviewed in reference 40]). Given the central role(s) that the h region plays in sponsoring translocation of precursors across the cytoplasmic membrane in E. coli (2, 19, 20, 53 ; reviewed in references 22 and 55) and B. subtilis (4, 45, 52) , it is likely that the poor secretion of these E. coli proteins in B. subtilis is related to their comparatively short h cores rather than properties of their N or C regions. Indeed, with the exception of PhoA, the relative efficiency with which the native precursors were secreted in B. subtilis (OmpA >> RBP > MBP > PhoA) correlated well with the net hydrophobicity (H*) of their h regions (Table 1) .
However, it is not clear if secretion in B. subtilis requires an h region that is simply longer than those of E. coli signal peptides, if the extended h regions actually reflect a requirement for a higher net hydrophobicity that generally accompanies longer cores, or both. The comparatively high percentage of the polar, hydroxylated serine and threonine residues found in the h regions of B. subtilis signal peptides (40) suggests that length itself, rather than simply hydrophobicity, is a significant parameter. An expression accommodating contributions made by both length and hydrophobicity is the hydrophobic product (Hp), defined here as the product of the length and the net hydrophobicity of the h region. There is a better correlation between the extent to which these E. coli preproteins were (Fig. 2) .
The h regions of many E. coli signal peptides, including those of MBP, RBP, and OmpA, are predicted (9) to assume an a-helical conformation. Both genetic (3, 19) and biophysical (5, 34) evidence suggests that the export competence of certain E. coli signal peptides depends on the ability of their h regions to adopt this secondary structure. Although introduction of helix-breaking proline residues into the h region of MBP (3, 13) , RBP (13, 25) Under certain circumstances, the C region (20) and even the first residues of the mature region (2, 53) (45) .
Interestingly, insertion of a glutamic acid residue into the C region of the B. subtilis ot-amylase signal peptide diminishes its function in B. subtilis (42) , which suggests that the h and C regions of this signal peptide may overlap. However, insertion of a lysine residue at the same position had no visible effect on secretion (42) . The glutamine and asparagine residues found in the C regions of the OmpA and RBP signal peptides, respectively, may also limit the effectiveness of these signal peptides. The effect should be less severe than that caused by a lysine, since a leucine-to-asparagine substitution in the h region of the Aprsp has only modest effects on secretion (45 (4) and PhoA (38b), directed secretion of only 68% of OmpA and 33% of MBP, indicating that the mature moiety can influence the secretion proficiency of signal peptides. This has been previously noted in both B. subtilis (8, 24, 42, 45) and E. coli (11, 13, 31, 33) .
Molecular chaperones, such as SecB (11, 29) , DnaK and DnaJ (64) , and GroEL and GroES (30) (16) , is needed to demonstrate the generality of this concept. Finally, it should be noted that idealization of the wheat ot-amylase signal peptide by increasing the net positive charge of its n region, extending its h region, or generating a consensus signal peptidase site did not improve its function in B. subtilis (52) . Hence, it is possible that unrecognized properties of the signal peptide are required to efficiently mediate the entire multistep process of protein secretion in B. subtilis.
